Background: We investigated the pattern of disease progression in the asymptomatic, mild cognitive impairment (MCI), and dementia stage of Alzheimer's disease (AD). Methods: We selected 284 subjects with AD pathology, defined as abnormal levels of amyloid beta 1-42 (Ab1-42) in cerebrospinal fluid (CSF). Disease outcome measures included six biomarkers and five cognitive markers. We compared differences in baseline measures and decline over 4 years between the AD stages and tested whether these changes differed from subjects, without AD pathology (N 5 132). Results: CSF Ab1-42 reached the maximum abnormality level in the asymptomatic stage and tau in the MCI stage. The imaging and cognitive markers started to decline in the asymptomatic stage, and decline accelerated with advancing clinical stage. Conclusion: This study provides further evidence for a temporal evolution of AD biomarkers. Our findings may be helpful to determine stage specific outcome measures for clinical trials.
Introduction
Alzheimer's disease (AD) is a neurodegenerative disease, hypothesized to be initiated by abnormal amyloid processing, followed by neuronal dysfunction and structural brain changes, which ultimately lead to cognitive impairment and dementia [1] . According to the new National Institute on Aging-Alzheimer's Association (NIA-AA)/International Working Group (IWG) research criteria, AD can be subdivided in three stages: an asymptomatic or preclinical stage, a stage of mild cognitive impairment (MCI), and the dementia stage [2] [3] [4] . The pattern of disease progression in each of these stages is not fully understood yet. This limits trial design, in particular in the predementia stage where intervention is believed to be most effective because neuronal injury and cognitive impairment are still limited. The aim of the present study is to investigate biomarker and cognitive changes in the asymptomatic stage, MCI stage, and dementia stage of AD. We also investigated whether these changes differed from subjects with normal cognition, MCI, or dementia but without AD pathology. We selected subjects from Alzheimer's Disease Neuroimaging Initiative (ADNI) with AD pathology, defined as abnormal amyloid beta in cerebrospinal fluid (CSF), who had normal 1 Data used in preparation of this article were obtained from the Alzheimer's Disease Neuroimaging Initiative (ADNI) database (adni.loni. ucla.edu). As such, the investigators within the ADNI contributed to the design and implementation of ADNI and/or provided data but did not participate in analysis or writing of this report. A complete listing of ADNI investigators can be found at: http://adni. loni [6] , Alzheimer's Disease Assessment Scale-cognitive [ADAS-cog] [7] , and composite scores for executive function and composite scores for memory [8, 9] ). We compared baseline scores and the slope of decline on each measure between the AD stages and with subjects who had normal cognition, MCI, or dementia but no AD pathology.
Methods

ADNI study
We selected subjects from ADNI (adni.loni.ucla.edu). ADNI was initiated by the National Institute on Aging, the National Institute of Biomedical Imaging and Bioengineering, the Food and Drug Administration, private pharmaceutical companies, and nonprofit organizations and launched in 2003. The initial goal of ADNI was to recruit 800 adults, ages 55 to 90, to participate in the research, approximately 200 cognitively normal older individuals to be followed for 3 years, 400 people with MCI to be followed for 3 years, and 200 people with early AD to be followed for 2 years. For up-to-date information, see www.adni-info.org. The institutional review boards of all participating institutions approved the procedures for this study. Written informed consent was obtained from all participants or surrogates.
Participants
The ADNI inclusion criteria for participants with normal cognition were absence of memory complaints, a MMSE score of 24 to 30, a CDR score of 0, and no MCI or dementia diagnosis. The inclusion criteria for subjects with MCI were memory complaints, objective memory loss, a MMSE score between 24 and 30, and a CDR of 0.5. The inclusion criteria for subjects with AD were memory complaints, objective memory loss, a MMSE score between 20 and 26, a CDR of 0.5 and 1.0, and a diagnosis of probable AD according to National Institute of Neurological and Communicative Disorders and Stroke-Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA) criteria [10] . Exclusion criteria were absence of an informant, a score of .4 on the modified Hachinski scale [11] and score of .5 on the Geriatric Depression Scale [12] , diseases expected to interfere with the study, use of investigational agents, neurological disease, psychiatric disorders, alcohol abuse, and neuroimaging abnormalities showing other reasons for cognitive problems. Permitted medication had to be stable for at least 4 weeks before screening. We downloaded ADNI data on May 2012. Of the 800 subjects included in ADNI-1 we selected all cognitively normal, MCI, and demented participants (N 5 416) with available baseline CSF Ab1-42.
Definition of diagnostic groups
We defined AD pathology as a CSF Ab1-42 level below 192 pg/ml. Subjects were classified as AD-asymptomatic (n 5 44) if cognition was normal, AD-MCI (n 5 148) if subjects had MCI, and AD-dementia (n 5 92) if subjects were demented. Subjects with CSF Ab1-42 levels .192 pg/ml were classified as control (n 5 72) if cognition was normal, MCI-other (n 5 51) if subjects had MCI, or dementia-other (n 5 9) if subjects were demented.
Baseline assessment and longitudinal assessment
At baseline all subjects underwent a standardized assessment, which included neurological examination, physical examination, and neuropsychological assessments. Furthermore, CSF and blood samples were taken and MRI and FDG-PET scans were obtained. The protocols for cognitive testing, CSF, MRI, and PET are described in detail at http:// www.loni.ucla.edu/ADNI/Data/ADNI_Data.shtml. Assessments were repeated at 6 or 12 months intervals up to 6 years. For the present study we used results from the baseline and annually assessments for up to 4 years for cognitive measures, CSF Ab1-42 and tau, and FDG-PET and MRI volumetric measures.
Cognitive assessment
We used the MMSE, ADAS Cog, CDR-SOB, and composite scores for executive function and memory. The composite executive function measure consisted of seven subtests and the memory composite measure of eight subtests as described in detail elsewhere [8, 9] . We selected scores from the annual assessment up to 4 years.
CSF analyses
CSF was collected by lumbar puncture and shipped on dry ice to the Penn ADNI Biomarker Core Laboratory at the University of Pennsylvania, Philadelphia, for storage until further analysis. CSF was analyzed using a multiplex xMAP Luminex platform (Luminex Corp) with immunoassay kit-based reagents (INNO-BIA Alzbio3; Innogenetics; www.adni-info.org) as described elsewhere [13] . Follow-up was performed annually up to 4 years.
MRI analyses
We used scans made on a 1.5 Tesla MRI scanner. We selected measures for whole brain, ventricular, and hippocampal volume. For measurement of whole brain and ventricular volume boundary shift integral (BSI) was used [14, 15] . Whole brain and ventricles were first semiautomatically delineated from T1-weighted MRI. The repeat scans were then registered to the baseline scans using 9-degree-of-freedom registration. The intensity inhomogeneity between baseline and registered repeat scans was corrected using the differential bias correction. Hippocampal volumes were measured, using FreeSurfer version 4.3 on T1 weighted images which were preprocessed (gradient warping, scaling, B1 correction, and N3 inhomogeneity correction) [16] . For measurements, an unbiased within-subject template space and average image was created using robust, inverse consistent registration. Information from each subject's template was used to initialize the longitudinal image processing in several locations to increase reliability and statistical power when measuring brain change over time [17] . Hippocampal volume was measured bilateral and averaged. We used BSI data from baseline and the first two annual visits and FreeSurfer of the annual visits up to four years. To correct for intracranial volume (ICV), we used the estimated ICV measure from FreeSurfer.
FDG-PET analyses
FDG-PET was available in a subgroup of 207 subjects. FDG image data were acquired 30 to 60 minutes postinjection. After prepocessing (frames were averaged, spatially aligned, interpolated to a standard voxel size, and smoothed to a common resolution of 8 mm full width at half maximum) images were spatially normalized in statistical parametric mapping (SPM) 5 to Montreal Neurological Institute (MNI) PET template. Pre-defined regions of interest (Meta-ROIs) were calculated that includes FDG uptake in bilateral angular gyrus, posterior cingular, and bilateral inferior temporal gyrus. Each Meta-ROI was normalized to a reference region composed of the pons and vermis. Total FDG uptake was calculated as a mean of the five individual Meta-ROI's [18] . Follow-up was annually for 4 years for cognitively normal subjects and MCI subjects for 2 years for subjects with dementia.
Statistical analyses
Analyses were performed with SPSS version 19.0 for the Macintosh. To compare cognitive markers and biomarkers at baseline and over time, raw scores were converted into z-scores, relative to the baseline scores of the cognitively normal controls. The z-score is the number of standard deviations from which the score deviates from the expected score given age, sex, education, and apolipoprotein E (APOE) genotype. In the control group we performed multiple linear regression with age, sex, education, APOE genotype, and ICV (MRI measurements only) entered in the first step, using P , .05 as the criterion for remaining in the model. On the basis of the resulting model, an expected test score for each subject was calculated. This score was subtracted from the observed score. The residual was divided by the standard deviation of the residual in the reference population to give the z-score. Z-scores were expressed such that a negative score indicated a performance worse than the control group at baseline. For each variable and assessment z-scores were calculated relative to the control group at baseline.
Change in biomarkers and cognitive scores over time were assessed by slope analyses with mixed models using an unstructured covariance matrix (which assumes a random intercept and random slope), with age, education and gender as covariates and follow-up time as repeated measure. We assumed a linear change in time, as time coded with a quadratic term was not a statistically significant predictor. Analyses were performed in the total group using contrasts to calculate baseline differences and slopes for individual groups and to compare them between groups. The analyses of the slopes included baseline score and available followup scores. We tested whether slopes were different from 0 and whether they differed between groups. A difference with a P-value ,.05, without correction for multiple testing, was considered statistically significant. In Table 2 we indicate which differences would not be statistically significant after correction for multiple testing according to Benjamini-Hochberg [19] . Table 1 shows the baseline characteristics according to diagnostic groups. Age, gender, and APOE ε4 status differed between groups. Age was higher in subjects with dementiaother compared to the other subjects, except for subjects with AD-asymptomatic, and subjects were more often female in the dementia-other group compared to the MCI-other group. APOE ε4 was more frequently positive in subjects with abnormal amyloid levels than in subjects with normal amyloid, regardless of clinical status. ADasymptomatic subjects were less often APOE ε4 positive (45%) than subjects with AD-MCI (65 %) and APOE ε4 carriership tended to be lower in AD-MCI compared with AD-dementia (77%). Among ε4 carriers, ε4 homozygosity was least common in AD-asymptomatic (10%) and highest in AD-dementia (32%). The unadjusted biomarker and cognitive scores are shown in Table 1 and the z-scores relative to controls in Table 2 and in Figs. 1, 2 and 3 and will be discussed later.
Results
Baseline characteristics
AD-asymptomatic stage
At baseline, AD-asymptomatic subjects had, by definition, more abnormal CSF Ab1-42 compared with controls. In addition, they had more abnormal CSF tau levels, ventricular volume, ADAS-cog scores, and composite executive scores. At follow-up, AD-asymptomatic subjects tended to decline on CSF Ab1-42 (P 5 .09) and significantly declined on CSF tau (P 5 .0001), FDG-PET (P 5 .046), hippocampal volume (P 5 .0001) ventricular volume (P 5 .0001), whole brain volume (P 5 .0001). Only the decline in ventricular volume (P 5 .05) exceeded the decline observed in the controls.
AD-MCI stage
AD-MCI subjects differed at baseline from controls on all measures. They also differed from MCI-other on all cognitive markers and biomarkers, except for whole brain volume. Subjects with AD-MCI declined on all biomarkers and cognitive markers, except on CSF Ab1-42. Decline on all these markers was larger than observed in MCI-other.
AD-dementia stage
At baseline subjects with AD-dementia were impaired on all biomarkers and cognitive markers compared with controls. Compared with the nine subjects with dementia-other, only CSF tau and ventricular volume were more abnormal, in addition to CSF Ab1-42. ADdementia subjects showed decline on all measures except CSF Ab1-42, CSF tau, and the composite executive score. The decline was similar to that of dementia-other subjects, although in the latter group slopes for some markers could not be estimated, probably due to the small sample size.
Differences between AD stages
Baseline scores
AD-asymptomatic subjects had at baseline less abnormal CSF Ab1-42 and tau and less abnormal imaging markers and cognitive scores compared with AD-MCI and AD dementia subjects. AD-MCI differed from AD-dementia on all imaging markers and cognitive scores. 
Rate of decline
Decline in CSF Ab1-42 levels was larger in ADasymptomatic than in AD-dementia. Decline in CSF tau was larger in AD-asymptomatic and AD-MCI subjects than in AD-dementia subjects. All imaging markers showed more decline with advancing clinical stage. The increase in decline between stages was largest for FDG-PET and hippocampal volume on MRI. Decline in CDR-SOB, ADAS-cog, and in composite score for memory was larger in subjects with AD-MCI and AD-dementia than in AD-asymptomatic subjects. Decline on the MMSE and composite executive score was larger in AD-dementia than in AD-MCI and larger in AD-MCI than in AD-asymptomatic. Fig. 3 summarizes the baseline values and slopes according to clinical stage for CSF Ab1-42, CSF tau, FDG-PET, hippocampal volume, and ADAS-cog score.
Differences between controls, MCI-other and dementia-other
Baseline scores
Hippocampal atrophy and whole brain volume were more severe in MCI-other and dementia-other subjects compared with controls. Ventricular enlargement was significantly more abnormal in MCI-other subjects compared with controls and FDG uptake on PET more abnormal in demented-other subjects compared with controls and MCIother subjects. Cognitive performance differed between the groups with worst performance in the demented group, as expected.
Rate of decline
CSF tau declined faster in controls and hippocampal volume less compared with MCI-other subjects. Other differences were not statistically significant or could not be tested ( Table 2) .
Discussion
We found that CSF, imaging, and cognitive markers show different rates of decline in subjects with ADasymptomatic, AD-MCI, and AD-dementia. The pattern of decline was distinct from that of subject without amyloid pathology.
Our observation that subjects in the AD-asymptomatic stage had abnormal CSF tau is in line with previous studies [20, 21] . Ventricular volume was abnormal in ADasymptomatic subjects, indicating that this is a sensitive measure [22] . The finding of normal hippocampal volume, whole brain volume, and FDG-PET in AD-asymptomatic is in line with previous studies [23, 24] . Other studies, however, reported cortical thinning in several cortical regions [25] , and reduced whole brain and hippocampal volume [26, 27] . These discrepancies may be explained by differences in subject selection or image analysis techniques. All imaging measures showed decline at follow-up but only the increase of ventricular volume exceeded that of the control group. This finding is consistent with earlier studies [23, 28] and supports the observation that change in ventricular volume is better correlated with amyloid pathology in cognitively normal subjects than change in brain volume and hippocampal volume [22] . Subjects with AD-asymptomatic had impairments on the ADAS-cog and executive functioning relative to controls. Only the CDR-SOB declined at follow-up although it did not exceed that of the control group. Previous studies yielded conflicting results with some studies showing a relation between amyloid pathology and impairments or decline in memory, executive function, or global function, while others did not [27, [29] [30] [31] [32] . These differences might, again, be explained by differences in tests used and in subject selection.
Subjects with AD-MCI differed at baseline from controls on all markers and from MCI-other on all markers, except whole brain volume. This finding, together with other studies, indicates that cross-sectionally measured whole brain volume is not specific or sensitive for early AD in MCI subjects [33] [34] [35] . AD-MCI subjects declined more than MCI-other on CSF tau, imaging and cognitive markers, illustrating that AD pathology drives neurodegeneration in these subjects.
In AD-dementia subjects baseline cognitive scores and biomarkers did not differ from the dementia-other group, except for the CSF measures and ventricular volume. Over time, AD-demented subjects showed the same rate of decline as dementia-other subjects on CSF, MRI (except for ventricular volume), and cognitive markers, although the interpretation of these findings is limited by the small sample size of the dementia-other group.
We summarized the trajectory of change on five key markers for AD in Fig. 3 to make a comparison with previous modeling studies that hypothesized trajectories for these markers [32, 36] . As regards the rate of order of decline, our findings support the assumption that CSF Ab1-42 declines first, followed by tau, which is followed by the other markers. Unlike the proposed models, hippocampal volume, FDG-PET, and ADAS-cog declined simultaneously in our analysis. As regards the form of the curves, our findings support the proposed flattening of the curves of Ab1-42 and tau in the ADasymptomatic or AD-MCI stage. It also suggests that impairments on the imaging and cognitive markers will continue to increase in more advanced stages, as we did not observe flattening of these markers in the dementia stage. Because we used z-scores relative to controls rather than relative to end-stage dementia, we could also compare the severity of the impairments on each marker. We found that in the dementia stage impairment for CSF Ab1-42, FDG-PET, hippocampal volume, and ADAS-cog were similar and more severe than for tau. This would suggest that CSF tau levels reach a balance between tau release and tau metabolism, despite increasing neuronal cell death [37] [38] [39] . However, there are also other explanations such as the variability of the SD between measures which affected z-scores (see later), the possibility that tau is also abnormal in controls [40] [41] [42] or selective dropout of subjects with high tau, although this then would also apply to the other injury markers.
As regards the markers that were not taken into account in the summarized figure, whole brain volume followed the same pattern as FDG-PET and hippocampal volume. Ventricular volume, was already abnormal in the asymptomatic stage. Besides ADAS-cog, executive function was impaired in AD-asymptomatic but decline was observed only for the CDR-SOB. In the MCI and AD stage all markers were abnormal and showed further decline, and the rate of decline further increased in the dementia stage.
The APOE ε4 allele distribution was lowest in ADasymptomatic and highest in AD-dementia. Because the APOE ε4 allele is strongly associated with age of onset, the difference in APOE ε4 carriership between the AD stages could explain why subjects in each stage had a similar age despite differences in disease severity.
Although the control group did not have amyloid pathology they still showed decline on the biomarkers. This decline may result from normal aging, no-AD related neurodegeneration, or very early stage AD. Post-hoc analyses, however, made it less likely that in controls decline was driven by latent AD pathology because decline on the cognitive and biomarkers was very similar between subjects with a "low-normal" CSF Ab1-42 (CSF Ab1-42,193-250 pg/ml) and "high-normal" CSF Ab1-42 levels (CSF Ab1-42 .250 pg/ml).
Subjects with MCI-other had normal CSF Ab1-42 and tau at baseline and did not change over time in these measures. Relative to the control group, MCI-other subjects only showed increased decline in hippocampal volume, while change in other imaging markers was comparable to that of controls. Cognition was remarkably stable in MCIother subjects suggesting a relatively benign underlying process [23, 31, [43] [44] [45] .
Our data contained very few subjects with a clinical diagnosis of AD with normal CSF Ab, which were labeled as dementia-other. They were older and had less abnormal CSF tau levels than AD-dementia subjects. They were all APOE ε4 negative and had CSF tau levels marginally increased compared with controls. These findings suggest non-AD pathology, but further studies with a larger sample size are needed to confirm this.
Our analyses expand those reported from other ADNI studies and other cohorts in several ways. We stratified clinical groups according to amyloid status, tested simultaneously a wide range of biomarkers and clinical markers and presented follow-up data for up to 4 years [32, 38, [46] [47] [48] [49] [50] . This enabled us to study trajectories of different markers in different AD stages and relative to amyloid negative subjects. We used z-scores, relative to control subjects, which enabled us to compare scores between different diagnostic groups and also between markers despite different units of measurements. A limitation of zscores for comparison across different tests, however, is that the standard deviation (SD) could vary between different markers, which may influence the absolute zscores. Variability in SD may be caused by biological variability, test characteristics and selection of subjects. For example, the CDR was used to define normal cognition, which resulted in a small SD in controls and large z-scores for diseased subjects. Still, when we repeated all analyses with raw scores similar results were obtained.
A possible limitation of our study is that our cognitive markers might not be sensitive enough to find abnormalities in the AD-asymptomatic stage although the tests used are well known and typically used in trials. FDG-PET was performed in only 50% of the subjects. This reduced statistical power to find changes compared with the other markers tested. Our subjects were relatively old and because the rate of decline may depend on age, this might have resulted in an underestimation of decline in biomarkers and cognition and our findings may not apply to younger subjects [41] . We selected subjects with different AD stages cross-sectionally. Although our findings suggest a continuum between the stages (Fig. 3 ) findings need to be replicated in studies that follow subjects with asymptomatic AD until the dementia stage. A number of our findings were not statistically significant after correction for multiple testing.
Our study provided further evidence for a temporal evolution of AD. Our findings might be helpful to determine which marker can be used in each clinical stage of AD, for inclusion or outcome measure in clinical trials. For instance in AD-asymptomatic individuals, ventricular volume on MRI appears to be a He is a member of the scientific advisory board of the EU Joint Programming Initiative and the French National Plan Alzheimer. The Alzheimer Center receives unrestricted funding from various sources through the VUMC Fonds.
RESEARCH IN CONTEXT
1. Systematic review: The aim of the present study was to investigate biomarker and cognitive changes in the asymptomatic, mild cognitive impairment (MCI) and dementia stage of Alzheimer's disease (AD). We searched for similar studies using the terms "longitudinal", "biomarkers", "cognition", "preclinical AD", "prodromal AD", "MCI due to AD," and "AD-dementia". We also selected studies that tested amyloid biomarkers in cognitively normal subjects, subjects with MCI, or subjects with dementia.
Interpretation:
We showed that cerebrospinal fluid, imaging, and cognitive markers show different rates of decline in subjects with AD-asymptomatic, AD-MCI, and AD-dementia. These results will be useful to determine which marker can be used as outcome measure in clinical trials in each AD stage.
3. Future directions: Our findings are consistent with a recently proposed model for the development of AD and support the new research criteria for AD. Our results need cross-validation in independent cohorts.
